ABSTRACT
INTRODUCTION
Proto-planetary nebulae (PPNs), short-lived transition objects between the asymptotic giant branch (AGB) and PN phases, hold the key to understanding how the slowly expanding (5-15 km s Ϫ1 ), largely spherical, circumstellar envelopes (CSEs) of AGB stars (e.g., Neri et al. 1998 ) transform into highly aspherical PNs with fast outflows (տ100 km s
Ϫ1
) along one or more axes (e.g., Balick & Frank 2002; Sahai & Trauger 1998) . Hubble Space Telescope (HST) imaging of PPNs has shown the widespread presence of diverse aspherical morphologies (e.g., Ueta, Meixner, & Bobrowsky 2000; Kwok, Hrivnak, & Su 2000; Hrivnak, Kwok, & Su 1999; Sahai et al. 1998; Sahai 1999; Sahai, Bujarrabal, & Zijlstra 1999a) . However, high angular resolution kinematical data, in addition to the morphological data, are sorely needed to construct and test theoretical models but are available for very few PPNs. We are therefore conducting HST imaging surveys of candidate PPNs (selected on the basis of their IRAS colors) with OH and/or H 2 O maser line emission features, whose kinematics can be studied with subarcsecond resolution using radio interferometers such as the Very Large Array (VLA) and the Very Long Baseline Array (e.g., Sahai et al. 1999b Sahai et al. , 1999c . In this Letter, we present new HST imaging of IRAS 22036ϩ5306 (hereafter I22036), an object that was inferred to be a bipolar PPN from its IRAS colors and OH spectra (Zijlstra et al. 2001 ). Our results confirm I22036's bipolar nature, and reveal a highly structured morphology, both of which have important implications for theoretical models for the shaping of PNs. I22036, and objects like it, are especially important because (future) detection of polarized OH maser emission (due to Zee-man splitting) can probe magnetic fields in PPNs, crucial for testing magnetic collimation models (e.g., García-Segura 1997). (Zijlstra et al. 2001) . A long-slit optical spectrum (resolution Å ) Dl p 9.8 was obtained on 2002 June 30 using the spectrograph on the 60 inch Palomar telescope with the 1Љ wide slit oriented at a position angle of 66Њ (seeing was ∼2Љ .3).
OBSERVATIONS AND RESULTS

I22036 was imaged on 2001
Both the F606W and F814W images ( Fig. 1a ; processed with the standard HST pipeline) show a bipolar nebula of size , with its long axis aligned along a position angle of 5Љ .7 # 1Љ .3 66Њ. Photometric calibration of the HST images (e.g., Holtzman et al. 1995) gives , for the whole nebula. The V p 16.4 I p 14.0 nebular waist is a composite structure, consisting of two partial ring structures: an outer dark one (R d ) and an inner one (R b ), which is slightly brighter. Inside R b lies a very bright arc ("B"), which is straddled by a compact (but nonstellar) brightness peak, C, located at the center of the nebula. Each lobe is quite elongated, with the west lobe (W-lobe) being the brighter of the two. The nebula appears to have an overall axisymmetric shape; however, in detail, the two lobes also display a rough point symmetry about the center in the sense that the W-(E-) lobe appears to curve to the north (south). The W-lobe is highly structured, with two bright elongated features: S1, which lies in the middle of the lobe close to the major axis, and S2, which lies near the lobe's northern periphery. Faint, knotty, jetlike linear structures (J W and J E in Figs. 1b-1d ) are also present. Five (K 1 -K 5 ) knots L82 ICY, BIPOLAR PPN WITH KNOTTY JETS Vol. 586 can be seen in J W ; J E has two linear components (E1 and E2), but their internal structure is less clear, presumably because they are more heavily extincted. Neither E1 nor E2 is oriented radially, but both are tilted to, and offset from, the major axis of the nebula. The orientation of J W 's axis is more ambiguous; either it could be aligned with a line of OH maser features lying along the nebular axis (see below) or it could pass through S1 (which is also knotty) and thus be offset from the central star in a manner similar to E1.
The nebular waist probably corresponds to a geometrically thick disk/torus around the central star, tilted such that its eastern part is on the near side and its western part is on the far side and obscured by the W-lobe. The dark ring R d appears to obscure parts of the E-lobe, implying that the latter is tilted away from us; the ring's relatively sharp edge (in both intensity and color) seen against the E-lobe indicates that it is physically truncated at a finite outer radius. Arc B appears to merge smoothly into the tapered sides of the W-lobe and probably represents the limbbrightened edge of its (roughly paraboloidal-shaped) base.
The OH data have been overlaid on the HST F814W image (gray scale) in Figure 1b , using the VLA astrometry of the maser features. The coordinates for peak C in I22036 are assumed to be , (J2000.0), the location of , we find that the blueshifted 45 ‫ע‬ 2 (redshifted) maser spots are associated with the brighter (fainter) visible lobe, consistent with the nebular tilt inferred earlier (making the reasonable assumption that the lobes are expanding away from the central star).
The optical spectrum of I22036 (Fig. 2) shows strong Balmer line emission (Ha and Hb) as well as weak emission in [N i] l5200, [O i] l6300, and [S ii] ll6716, 6731. No strong metallic absorption lines (Mg i near 5180 Å ) are seen, indicating an F5 or earlier spectral type for the central star. Since the Balmer lines are in emission, they mask the possible presence/absence of the corresponding stellar absorption features, which are useful diagnostics of the spectral type. We compute an average extinction, , using the Ha-to-Hb emission-line ratio; the resulting A p 4.5 V dereddened spectrum of I22036 shows a continuum slope that matches that of an F4 III star over 4500-7500 Å quite well (Fig. 2) . The Ha emission is marginally extended, with an observed (deconvolved) size of 4Љ .4 (3Љ .6).
Archival mid-infrared spectra of I22036 are available. The IRAS Low-Resolution Spectrometer data (7.5-23 mm; IRAS Science Team 1986) are quite noisy and superseded by much better spectra obtained with the Infrared Space Observatory (ISO) data (principal investigator: A. Manchado) using the ShortWavelength Spectrometer (SWS; 2.4-44.5 mm, SWS01 mode) and Long-Wavelength Spectrometer; LWS (45-180 mm, LWS01 mode). Standard data reduction recipes were applied to the SWS Fig. 2. -Intrinsic (top) and dereddened (bottom) low-resolution optical spectra (black curves) of IRAS 22036ϩ5306 shown with F4-7 (red curve) and G0-4 (blue curve) giant spectra for comparison. Crosses indicate regions affected by telluric features. The Na i feature in IRAS 22036ϩ5306 is anomalously strong and likely to be interstellar, considering the absence of Mg i lines. data (as, e.g., in Hoogzaad et al. 2002) ; the LWS spectrum was taken from the ISO pipeline reduction, and particular noisy regions were manually edited. The ISO spectra (Fig. 3) show several features that provide new diagnostics of the circumstellar structure and composition of I22036. We see (1) a deep, wide ( mm) water ice band at 3.05 mm and an unresolved Dl p 0.35 3.83 mm feature, tentatively identified as H 2 S (van der Hucht & Koorneef 1994), (2) a wide ( mm) "silicate" feature cenDl ∼ 4 tered around 11 mm, and (3) a 60 mm feature, perhaps due to crystalline H 2 O-ice-the absence of a corresponding 43 mm H 2 Oice feature may be due to a decline in its strength at low temperatures (Dijkstra et al. 2003) . The freezeout of water onto the dust grains indicated by the ice features requires high densities and/or long timescales (Meyer et al. 1998) , which are likely to be characteristic of the dusty (probably slowly expanding) disk seen in the HST image. The (tentative) presence of H 2 S, which requires dust surface chemistry for formation, is a further indication of freezeout conditions. The evaporation temperature of H 2 S (∼35 K) is much lower than that of water ice (∼90 K); within this temperature range, likely to be present in the disk's shielded outer parts, H 2 S enters the gas phase but water remains on the grains.
CIRCUMSTELLAR DUST TEMPERATURES AND MASS
The far-infrared fluxes of I22036 indicate the presence of a large mass of cool dust. We have fitted the IRAS, MSX, -, L-, L and K-band photometry and the ISO spectra using a model with a cool outer shell, a warm intermediate shell, and a hot, edgeon, inner disk (all components have an density law), using Ϫ2 r the DUSTY one-dimensional code (Ivezic, Nenkova, & Elitzur 1999) and silicate dust (Ossenkopf, Henning, & Mathis 1992) with the MRN grain size distribution (Mathis, Rumpl, & Nordsieck 1977) . The cool (warm) shell has dust temperatures in the range 67-35 (145-82) K, (0.2), and a ratio of the outer A p 1.5 V to inner radius, (4.4); R out/in is a lower limit for the R p 3.8 out/in cool shell because the low (and radially decreasing) dust temperature in its outer regions makes it a relatively weak emitter at mm for our assumed grain size distribution. Given l տ 150 I22036's 200 mm flux (5.3 Jy) derived from an archival ISOPHOT pipeline-calibrated map (principal investigator: K. Dobashi), the flattening of its spectrum at mm is probl տ 150 ably due to an increasingly significant contamination from cold interstellar dust. The disk dust temperature is set to 1000 K (the grain condensation temperature) at its inner edge and falls to ∼350 K at its outer edge-the hot inner region provides the continuum emission against which silicate absorption arising in the outer, colder parts of the disk is seen. The disk is approximated as an axially symmetric, wedge-shaped fraction (∼0.4) of a sphere and has . Our model does not fit the 3.05 mm A ∼ 120 V ice feature because it does not include coated silicates. The fit in the 11 mm feature may be improved by taking into account the expected broadening and reddening of the 9.7 mm amorphous silicate feature due to its ice coating (Justtanont & Tielens 1992) . Assuming a typical expansion velocity of 15 km s Ϫ1 and a (relatively uncertain) gas-to-dust ratio of 200 for AGB CSEs (e.g.,
L84
ICY, BIPOLAR PPN WITH KNOTTY JETS Vol. 586 Knapp 1985) , the total mass-loss rate characterizing the cool (warm) shell is ∼ ( ) y r Ϫ1 and the total Ϫ4 Ϫ6 5.5 # 10 9 # 10 M , shell mass is . The adopted distance of 2 kpc 2 4.7(D/2 kpc) M , for I22036 is bracketed on its upper side because the derived shell mass is quite large and on its lower side because the derived luminosity (∼ ) is less than values typical of young post-2300 L , AGB objects (∼ ). The large shell mass suggests a main-5500 L , sequence mass of ∼ for I22036's progenitor star: at 2 kpc, 6 M , I22036's Galactic height, pc, is consistent with the scale z ∼ Ϫ60 height of B-type stars, 90 pc (Miller & Scalo 1979 ).
STRUCTURE AND FORMATION OF IRAS 22036ϩ5306
Our estimated stellar spectral type of I22036, and its farinfrared colors and spectra, are typical of young post-AGB objects (van der Veen, Habing, & Geballe 1989) . Other well-studied bipolar PPNs with OH maser emission and dense, icy waists include the less evolved OH 231.8ϩ4.2 (spectral type late M; Smith, Sellgren, & Tokunaga 1988) and the more evolved M1-92 (spectral type B; Eiroa & Hodapp 1989 ). I22036's bipolar lobes are simply interpreted as reflection nebulae illuminated by starlight escaping preferentially along polar and near-polar directions in the central disk. The nebula is significantly redder than the intrinsic starlight; its bluest region is located at the brightness peak in feature S2 (S2 Pk ) with a 0.6-0.8 mm surface brightness (in mJy arcsec . The nebular color results from the combined effect of reddening due to radial (and interstellar) extinction and blueing due to scattering. Assuming optically thin scattering and standard interstellar dust properties from Whittet (1992, p. 67) , we find that for S2 Pk (ignoring interstellar extinction), the radial extinction optical depth (1.7) and the tangential scattering optical t տ 2.4 e depth (0.08) at 0.6 (0.8) mm. These values of radial t տ 0.12 s extinction will be lower if we consider interstellar extinction toward I22036, which may be large ( , using A ∼ 3.6 AA /LS ∼ V V mag kpc Ϫ1 from Whittet 1992, p. 11) because of its low 1.8 Galactic latitude (Ϫ1Њ .8). The bluest regions in the lobes are also the brightest, consistent with the color of the nebula being determined dominantly by radial extinction. We infer enhanced line-of-sight extinction to the relatively dark regions in the Wlobe near features B, S1, and S2, because the former are significantly redder ( ) than the latter. Peak C is R ≈ 0.3-0.5 0.6/0.8 much redder than its surrounding nebulosity, with a ratio of 0.13 compared to 0.22 in its immediate neighborhood. R 0.6/0.8 Peak C most likely results from starlight scattered by the innermost regions of the disk surface facing us (and attenuated/ reddened by line-of-sight circumstellar extinction), because if C were due to direct (but attenuated) light from the central star, then (given its bolometric flux and temperature) the value of R 0.6/0.8 in C would imply a small line-of-sight extinction (A ∼ V ), in contradiction to the much larger value ( ) inferred 1 A տ 12 V from its absolute fluxes. Detailed two-dimensional scattering models are needed to develop a quantitative description of the nebula and its various structural features (e.g., C, B, R b , and R d ).
The detailed morphology of I22036 revealed by our data has important implications for current models for producing aspherical PNs. Although, in principle, axisymmetric bipolar shapes can be produced by the generalized interacting stellar winds model, in which a fast, radiatively driven, isotropic post-AGB stellar wind is hydrodynamically collimated by an equatorially dense AGB CSE (Balick & Frank 2002) , considerable observational evidence now exists indicating that the fast wind is (1) intrinsically collimated (Sahai 2002) and (2) not radiatively driven (Bujarrabal et al. 2001 ). Based on their imaging survey of young PNs, Sahai & Trauger (1998) proposed that collimated fast winds (CFWs) are the primary mechanism for the dramatic change in circumstellar geometry and kinematics as stars evolve off the AGB. The highly structured morphology of the lobes in I22036 is consistent with this idea; e.g., the optical jetlike features seen in the lobes, and the linearly aligned OH 1667 features, all indicate that highly collimated jetlike components in the CFW have been operational for at least some time during the formation of the PPN. The displacement of some of the jetlike features from the major axis of the nebula may result from temporal changes in the orientation of the CFW axis. Alternatively, features E 1 and E 2 may represent the dense walls of a conical shell created by the action of a tenuous axial jet; the counterpart of this structure in the W-lobe would then be formed by S 2 and (S 1 , K 1 -K 4 ).
The truncated central disk may have been produced during a period of enhanced mass loss at the end of the AGB phase-kinematic probes of the disk material are needed to determine its age and compare it to the age of the bipolar lobe material (250-750 yr at knot K 1 for a 30Њ-60Њ tilt of the nebular axis to the sky).
